Objectives The present study aimed to investigate the association between body mass index (BMI) and uric acid (UA) using the twin study methodology to adjust for genetic factors. Methods The association between BMI and UA was investigated in a cross-sectional study using data from both monozygotic and dizygotic twins registered at the Osaka University Center for Twin Research and the Osaka University Graduate School of Medicine. From January 2011 to March 2014, 422 individuals participated in the health examination. We measured height, weight, age, BMI, lifestyle habits (Breslow's Health Practice Index), serum UA, and serum creatinine. To investigate the association between UA and BMI with adjustment for the clustering of a twin within a pair, individual-level analyses were performed using generalized linear mixed models (GLMMs). To investigate an association with adjustment for genetic and family environmental factors, twin-pair difference values analyses were performed. Results In all analysis, BMI was associated with UA in men and women. Using the GLMMs, standardized regression coefficients were 0. Conclusions The present study shows that BMI was significantly associated with UA, after adjusting for both genetic and familial environment factors in both men and women.
Introduction
The prevalence of high uric acid (UA) levels has increased worldwide in both men and women [1] [2] [3] . In Japan, it has been shown that UA levels in male adolescents have increased during the last 12 years, and there has been an increased incidence of hyperuricemia reported along with increased body mass index (BMI) [4] . In addition, UA is associated with an increased risk of developing cardiovascular disease, particularly heart failure and ischemic heart disease [5, 6] . Furthermore, several previous studies have indicated that people have developed high UA because of genetic factors, alcohol, obesity, and weight gain [7] .
Other epidemiological studies have suggested that a high BMI triggers risk factors for lifestyle-related diseases such as type 2 diabetes, cardiovascular diseases, cancers, and high UA [8, 9] . In fact, a study by De Oliveira et al. has shown that individuals with BMI C25 kg/m 2 showed greater chances of high UA levels [odds ratio (OR) = 2.28 (1.13-4.6)] [10] . Therefore, this study suggests that elevated BMI levels are closely related to high UA levels, and in order to prevent high UA, one should pay attention to BMI level changes.
Current research indicates that UA and BMI are influenced by genetic factors. The National Heart, Lung, and Blood Institute (NHLBI) twin study has demonstrated high heritability for UA [11] . In addition, specific genes which relate to UA, particularly genes e.g., SLC2A9, ABCG2, SLC22A12, and MAF, which encode for proteins involved in renal urate excretion, have been reported as being associated with genetic susceptibility to hyperuricemia [12, 13] . Additionally, a systematic review of genetic studies on BMI has reported a strong genetic influence, and a genome-wide association study in Japan identified two novel BMI-associated loci e.g., CDKAL1 and KLF9 [14, 15] . However, the association between UA and BMI may be confounded by genetic factors, since the previous epidemiological studies did not adjust for genetic factors. Therefore, the present study aimed to investigate the association between BMI and UA using the twin study methodology in order to adjust for both genetic and familial environmental factors.
Methods

Study participants
The association between BMI and UA was investigated using a cross-sectional study and exploited data from both monozygotic (MZ) and dizygotic (DZ) twins registered at the Osaka University Center for Twin Research (OUCTR) and the Osaka University Graduate School of Medicine. From January 2011 to March 2014, 422 individuals participated in the health examination. The project aims to preserve and store biological resources and data to databases and bio-banking resources [16] . All registrants were recruited through newspaper advertisements, posters, leaflets, public lectures, and symposia. We sent invitation letters to registered twins (aged 20 years or older) living in Japan. Only twins who were both alive and consented to participate in the study were invited for comprehensive medical examination at Osaka University [16] . The eligibility criteria excluded twin participants who were not of the same sex. Zygosity was confirmed using the 15 loci of short tandem repeat (STR) markers, a well-recognized method for true ascertainment of twins [17] . An entirely concordant pair with the aforementioned STRs was diagnosed as a MZ twin pair. All other pairs were designated as DZ [16] ). Participants were also asked to complete a questionnaire. To measure UA and creatinine, blood samples were collected using vacuum blood collection tubes. Participants were previously instructed not to drink or eat after 9:00 p.m. on the previous day, except for water and approved medications. Laboratory analyses of serum UA and creatinine were conducted using a Beckman Coulter, Inc. In addition, creatinine was used as an adjustment variable.
Lifestyle habits
Breslow's Health Practice Index (BHPI) was used to ascertain the level of lifestyle habits [18] . BHPI consists of 7 habits, namely amount of sleep, breakfast consumption, nutritional balance, eating between meals, alcohol consumption, tobacco smoking status, and exercise. Participants were rated as ''good'' or ''bad'' for each of the above habits based on the following criteria [19] .
''Amount of sleep'' comprised five categories: 4 h or less, from 5 to 6 h, from 7 to 8 h, from 9 to 10 h, and 11 h or more. For responses other than ''from 7 to 8 h'' was coded as a bad habit. ''Breakfast consumption'' comprised the following three categories: daily, sometimes, and never. ''Never'' was coded as a bad habit. ''Nutritional balance'' refers to whether the subject carefully considered the nutritional balance of the food they ate. Subjects answered: always, never, and no opinion. ''Never'' was coded as a bad habit. ''Eating between meals'' comprised the following three categories: never, rarely, and almost every day. ''Almost every day'' was coded as a bad habit. ''Alcohol consumption'' comprised the following three categories: never, rarely, and every day. ''Every day'' was coded as a bad habit. ''Smoking status'' comprised the following three categories: non-smoking, every day, and smoking in the past. ''Every day'' was coded as a bad habit. Finally, ''exercise'' comprised the following three categories: regularly, sporadically, and never. ''Never'' was coded as a bad habit. The final score for BHPI was the total number of ''bad habits''; therefore, a high score indicated an unhealthy lifestyle. In addition, BHPI was used as an adjustment variable.
Analysis
Genetic and familial environmental factors were adjusted for using the following three methodologies: generalized linear mixed models (GLMMs), twin-pair difference value analyses using both MZ and DZ twin pairs, and twin-pair difference value analyses using MZ twin pairs only [20] .
The design of GLMMs was used to control for the clustering of twins within a pair [21] . The GLMM incorporates random effects and fixed effect parameters, and random effects are usually assumed to have a normal distribution [22, 23] . Christensen et al. [24] used the following equation in their GLM model: for each twin, i, of a pair
where E i represents measurement error and effects specific to twin i. The coefficient a 1 represents the strength of a linear association between the UA and a corresponding variable. The a 0 represents intercept.
The twin-pair difference value analyses were a relatively straightforward method. In addition, the twin-pair difference value analyses can control for all possible genetic and familial environmental factors using the different scores of MZ twin pairs [25] . Because MZ twin pairs share all of their genes and early life environmental factors are shared [26] , if any differences in MZ twin pairs are observed in twin-pair difference value analyses, it could be inferred that there are unique environmental influences on each individual. Thus, the association between MZ difference scores of phenotypes, such as BMI and UA, suggests the presence of pure environmental associations that are not influenced by genetic and familial environmental factors.
There are three factors that affect the phenotype in twin studies: additive genetics (A), common environment (C), and unique environment (E). This can be expressed in the following equation:
The within-pair difference is calculated as:
where D x = X 1 -X 2 and E = E 1 -E 2 . From (1) it can be seen that the coefficient, a 1 , can be estimated by regressing D against D x and constraining the fitted line to pass through the origin [because (1) does not have an intercept term]. This second regression approach controls for age, sex, and genetic factors (all in MZ twins and on average, approximately half in DZ twins).
In addition, twin-pair difference value analyses utilize difference scores, and its statistical power to detect unique environmental factors is comparable to the classical twin design, which utilizes both MZ and DZ twin pairs [27] . Standardized coefficients and 95 % confidence intervals were obtained by the ''lme4'' package [28] in R statistical software version 3.1.0 [29] . Table 1 shows the number of study participants and the mean values of UA levels and other variables stratified by sex. In addition, Table 1 shows the number of BHPI variables. Items that are appended with asterisks are considered to be bad lifestyle habits. Table 2 shows the results of analyses using GLMMs, twin-pair difference value analyses using both MZ and DZ twin pairs, and twin-pair difference value analyses using MZ twin pairs only. In the GLMMs analyses, BMI was associated with UA in men and women. In the second course of analyses using MZ and DZ twin pairs, the standardized regression coefficients increased and were still significant. In the final course of analyses, MZ twin pairs only, BMI was significantly associated with UA in men and women.
Results
Discussion
The relationship between BMI and UA was investigated using a twin study method that can be used to remove the influence of genetic factors. The present study found that BMI was significantly associated with UA, even after adjusting for genetic and family environment factors in both men and women. In particular, when within-pair differences of BMI fluctuated by one value of standard deviation, withinpair differences of UA changed by a coefficient in the results of twin-pair difference value analysis. In addition, the values of the coefficients increased from the GLMM to twin-pair difference value analysis because twin-pair difference value analysis was adjusted for genetic and family environmental factors. Thus, the values of the coefficients of twin-pair value analysis showed the coefficients regardless of genetic and family environmental factors.
The results of the present study corroborate previous studies. In the previous studies, investigators reported that UA levels were significantly associated with BMI. Numerous epidemiological studies have shown a positive correlation between obesity and increased UA levels [30, 31] . Recently, in a Mendelian randomization analysis, it was reported that UA levels were associated with BMI, and that reduction of BMI could help improve UA levels [32] .
In addition, an intervention study showed significant improvements in UA levels after weight loss in obese subjects [33] . However, these studies involved the general population without taking into consideration the effect of influential genetic risk factors. Our study showed that there was a significant association between BMI and UA after removing genetic and familial environment factors. Furthermore, genome-wide association studies have indicated that UA and BMI, respectively, have specific genes which confer susceptibility [13, 15] . However, these previous studies highlight that UA and BMI, respectively, do not have common genetic risk factors i.e., there is no polygenic influence. Thus, the present study provides support to these previous studies.
In addition, we found that even if UA levels were within the normal range in women, increased UA levels while still within the normal range were associated with a higher prevalence of cardiovascular risk factors [34] . Furthermore, Schretlen et al. [35] showed that UA levels at the high end of the normal spectrum were associated with an increase in white matter hyper-intensities assessed by brain MRI. White matter hyper-intensities are associated with a higher risk of stroke and dementia [36] . Therefore, it is important for health care professionals to not only encourage individuals to maintain normal UA levels, but also to prevent any increase towards higher levels within the normal range. We speculate on the possible mechanisms, which may explain the relationship between UA and BMI. High UA has a close correlation to the mechanism of underlying renal function. Obesity and being overweight may be linked to UA levels involving two factors: excessive UA production and poor UA excretion. Among individuals with visceral fat obesity, previous studies have indicated that increased UA levels were strongly influenced by UA overproduction with a decrease in urinary urate excretion and clearance [37] . Visceral fat accumulation (VFA) induces an elevated influx of plasma free fatty acids into the hepatic portal vein and liver. This stimulates triglycerides synthesis followed by an attendant surge in UA production through the activated UA synthesis pathway [38, 39] . In addition, a number of investigators have reported that VFA is significantly associated with BMI [40, 41] . Therefore, since UA has a close biological relationship with BMI, it is important to focus on the interaction of UA and BMI for preventive medicine.
Recent studies have revealed that approximately onethird of the world's population is obese or overweight in both developed and developing countries. The increase in obese people has been particularly rapid in the past three decades [42] . In Japan, the highest age-specific prevalence of obesity and overweight defined by BMI C25 kg/m 2 has been observed in those who are middle-aged (aged 40-69 years) [43] . As such, adult obesity and being overweight have increased over the past few decades in Japan [44] . Therefore, one should be careful when interpreting these trends.
The strength of our study was that it used twins to adjust for genetic and familial environment factors while assessing the association between BMI and UA. However, this study has its limitations. First, because of the cross-sectional design, the direction of the causal relationship remains unclear and needs to be evaluated using large, welldesigned longitudinal studies. Second, in humans, it is generally believed that UA is the end product of purine metabolism and is produced by xanthine oxidase from xanthine, which is consequently produced from purine [45] . Furthermore, the Third National Health and Nutrition Examination Survey showed that UA levels increased with increasing consumption of purine-rich foods, such as meats, seafood, and sugar-sweetened beverages [46] . However, this study did not measure the intake of purinerich foods amongst study participants. Finally, this study did not collect information on whether participants were using medications to treat hyperuricemia.
The present study shows that there is a direct correlation between BMI and UA, after adjusting for both genetic and familial environment factors in both men and women. In future, we would like to focus on the prospective associations between BMI and UA. We have only been able to use cross-sectional studies till now; however, from this point forward, we would like to continue our research in a longitudinal format. It has been pointed out that nutritional information gathered using BHPI regarding criteria such as drinking alcohol and eating snacks is too broad, and a more detailed measure of dietary habits is necessary in order to assess its impact on BMI. Future studies will have to address this problem by developing a more comprehensive nutrition assessment index.
